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Lung cancer is the most common malignancy and the leading cause of cancer death worldwide. 1, 2 To date, surgery, radiochemotherapy and personalized targeted therapy remain the main treatment for this type of cancer. 3 However, radioresistance and distant metastasis are considered critical causes of the failure to cure cancer. Therefore, intense efforts are needed to better understand the oncogenesis of lung cancer and to identify novel therapeutic targets.
Transforming growth factor (TGF)-β is a key player in the regulation of cellular proliferation, differentiation, motility, invasion, apoptosis and immune responses. [4] [5] [6] Smad proteins are the intracellular effectors of TGF-β signals. Once phosphorylated, Smad proteins become activate and translocate to the nucleus, ultimately inducing the transcriptional activation of downstream target genes. [7] [8] [9] To date, numerous studies have demonstrated that aberrant TGF-β/Smad signaling is involved in tumor metastasis, epithelial-mesenchymal transition (EMT) and DNA damage response. [10] [11] [12] For example, Smad2 and Smad7 have been reported to participate in DNA damage response in an ataxia-telangiectasia mutated (ATM)-dependent manner. Inhibition of TGF-β signaling was found to enhance radiosensitivity in glioblastoma, breast cancer and lung cancer. [13] [14] [15] [16] Moreover, the involvement of Smad2 in EMT through the increase in Snail expression has also been documented. 17 The above findings support the notion that TGF-β/Smad signaling has a pivotal role in tumorigenesis.
C2 domain-containing phosphoprotein (CDP138), also known as KIAA0528, has been reported to be a substrate for Akt2, and it is involved in the regulation of GLUT4 vesicleplasma membrane fusion in response to insulin. 18 In contrast, another study demonstrated that CDP138 is not involved in GLUT4 translocation. 19 Our previous study has shown that CDP138 is a CDK5-and FIBP-interacting protein, and these three molecules can form a stable complex that is involved in cell proliferation and migration. 20 However, the clinical significance and mechanism by which CDP138 participates in these processes remain poorly understood.
In this study, we show that CDP138 protein levels are frequently upregulated and that elevated expression of CDP138 is correlated with lymph node metastasis in lung cancer. Furthermore, CDP138 silencing impairs radioresistance and metastasis in lung cancer cells. More importantly, we demonstrate for the first time that growth differentiation factor 15 (GDF15) acts as a downstream mediator of CDP138-induced TGF-β/Smad signaling activation and mediates the biological effects of CDP138 in lung cancer cells.
Results
CDP138 protein level is upregulated in lung cancer cell lines and tissues and is related to lymph node metastasis. We previously showed that knocking down CDP138 suppresses cell growth in breast cancer, 20 implying that CDP138 can act as an oncogenic protein. To investigate the expression of CDP138 in human lung cancer, we first analyzed CDP138 protein level in five human lung cancer cell lines (H1299, HCC827, H292, A549 and H1975) and found it to be significantly higher than that in the normal human bronchial epithelial cell line HBE (Figures 1a and b) . Next, we performed immunohistochemical (IHC) analysis of CDP138 expression in a human lung cancer tissue microarray, containing 88 carcinoma tissues and paired paracarcinoma tissues. As shown in Figures 1c and d , CDP138 was primarily located in the cytoplasm and was highly expressed in lung cancer tissues. CDP138 positivity was significantly higher in lung cancer tissues (90.9%) than that in adjacent para-carcinoma tissues (26.1%) (Po0.001). Furthermore, there was a significant correlation between CDP138 expression and lymph node metastasis (Po0.05) ( Table 1 ). However, there was no significant correlation between CDP138 expression and overall survival in lung cancer patients as determined using the Kaplan-Meier survival analysis (data not shown).
CDP138 silencing impairs proliferation and enhances radiosensitivity in lung cancer cells. Given that CDP138 is frequently overexpressed in lung cancer tissues, we speculated that it may promote tumorigenesis in lung cancer. To this end, we first downregulated the expression of CDP138 in two different lung cancer cell lines (H1299 and HCC827) using siRNAs or shRNAs. As shown in Figure 2a , CDP138 were successfully knocked down. Moreover, CDP138 silencing dramatically suppressed the proliferation of lung cancer cells compared with that of control cells (Figure 2b ). The colony formation capability of the cells was also impaired when CDP138 was knocked down (Figure 2c ). Therefore, CDP138 promotes the proliferation of lung cancer cells. After determining the role of CDP138 in a physiological setting, we also wanted to know whether CDP138 is required for the same cellular processes under conditions of stress, such as irradiation (IR)-induced DNA damage. As expected, the loss of CDP138 significantly enhanced cellular sensitivity to radiation (Figure 2d ), suggesting that CDP138 has an essential role in promoting radioresistance. To further confirm our hypothesis, γ-H2AX foci formation assay was performed since γ-H2AX is considered a key marker of DNA damage. As shown in Figures 2e and f, the number of γ-H2AX foci was significantly increased in CDP138-depleted lung cancer cells after 4 and 24 h of IR exposure. Together, these data strongly indicate that CDP138 promotes proliferation and radioresistance in lung cancer cells.
Loss of CDP138 suppresses the migration and invasion of lung cancer cells. Our clinical data have clearly shown that CDP138 overexpression is correlated with lymph node metastasis ( Table 1) . Thus, we speculated that CDP138 may be associated with migration and invasion in lung cancer cells. First, we performed wound healing assay to determine the migratory ability of lung cancer cells. As shown in Figure 3a , CDP138 knockdown cells migrated at a slower rate than the control cells. These phenotypes were further confirmed using transwell assays. As shown in Figures 3b and c, depletion of CDP138 dramatically inhibited cellular migration and invasion. In addition, we found that the overexpression of CDP138 in normal lung epithelial (HBE) cells significantly enhanced their migration and invasion (Figures 3d and e) . Thus, CDP138 enhances migration and invasion in lung cancer cells.
CDP138 knockdown attenuates the TGF-β/Smad signaling pathway at least in part via the downregulation of GDF15. To elucidate the underlying mechanisms by which CDP138 functions in lung cancer, we performed microarray analysis to compare the genomic expression profiles of H1299 cells transfected with control or CDP138-targeting siRNAs. As shown in Figure 4a , there were 14 differentially expressed genes with more than twofold change (six were upregulated, and the rest were downregulated). Among these, we selected four candidate genes (GDF15, DDIT4, SAMD9 and TFPI2) that have been reported to involved in cell proliferation and metastasis [21] [22] [23] [24] ( Figure 4b ). These candidate genes were further confirmed using quantitative real-time PCR. As shown in Figure 4c , GDF15 was the most downregulated gene in response to CDP138 depletion in lung cancer cells.
Growth differentiation factor 15 (GDF15), also known as macrophage inhibitory cytokine-1 (MIC-1), is a member of the TGF-β superfamily. 21 Western blotting showed that CDP138 knockdown significantly downregulated GDF15 expression in H1299 and HCC827 cells (Figure 4d) . Accumulating evidence has shown that GDF15 is involved in the regulation of the TGF-β/Smad signaling pathway. 25, 26 Thus, we investigated whether CDP138 is associated with this classical signaling pathway. As shown in Figure 4e , the protein levels of p-Smad2 was reduced in the CDP138-deficient lung cancer cells, whereas the level of total Smad2 remained constant. Importantly, these effects induced by CDP138 knockdown could be partially rescued by GDF15 overexpression (Figure 4f) . Therefore, CDP138 silencing attenuates the TGF-β/Smad signaling pathway at least in part via the downregulation of GDF15.
Enhanced radiosensitivity and decreased migration in cells caused by CDP138 knockdown are partially dependent on GDF15 inhibition. To determine whether GDF15 is indeed required for the observed phenotypes induced by CDP138 knockdown in lung cancer cells, the following rescue experiments were performed. First, we transfected exogenously expressed GDF15 to CDP138 knockdown cells ( Figure 5a ). As shown in Figures 5b-d , the defects in proliferation and migration induced by CDP138 knockdown in H1299 cells was partially rescued by the overexpression of GDF15. Similarly, restoring GDF15 expression rescued the IR-induced DNA damage response (γ-H2AX foci formation) in CDP138-depleted cells (Figure 5e ). To further confirm our Figure 4 CDP138 knockdown attenuates the TGF-β/Smad signaling pathway at least in part via the downregulation of GDF15. (a) Heat map produced from mRNA microarray analysis. H1299 cells were transfected with indicated siRNAs for 48 h, and mRNA was isolated and evaluated using microarray analysis. (b) List of differentially expressed genes related to cell proliferation and metastasis (fold change42). (c) H1299 cells were transfected with indicated siRNAs for 48 h and then harvested. Levels of indicated mRNAs were determined using quantitative real-time PCR. (d) GDF15 protein level was dramatically reduced in CDP138-depleted cells. (e) Knockdown of CDP138 decreases p-Smad2 protein expression. H1299 cells transfected with indicated siRNAs were treated with TGF-β (10 ng/ml) for 24 h. Cells were harvested and subjected to western blotting with indicated antibodies. (f) GDF15 overexpression partially rescues the reduction in p-Smad2 level. H1299 cells were transfected with indicated siRNAs for 24 h, and GDF15 expression plasmid was introduced. Cells were harvested after TGF-β treatment (10 ng/ml), and the lysates were subjected to western blotting with indicated antibodies CDP138 silencing inhibits TGF-β/Smad signaling Y Lu et al working hypothesis, we examined the effect of CDP138 knockdown on GDF15-depleted lung cancer cells. Western blotting showed that both CDP138 and GDF15 were efficiently depleted in H1299 cells (Figure 6a ). As shown in Figures 6b-d, GDF15 knockdown significantly suppressed proliferation and migration in lung cancer cells. Meanwhile, CDP138 silencing inhibits TGF-β/Smad signaling Y Lu et al the γ-H2AX foci formation was increased in the GDF15-depleted cells (Figure 6e ). This is consistent with GDF15 being a major positive regulator of the TGF-β/Smad signaling pathway. However, CDP138 knockdown had minimal effect on the migration and radioresistance of GDF15-depleted lung cancer cells (Figures 6b-e) . Therefore, the enhanced radiosensitivity and reduced migratory ability caused by CDP138 knockdown are partially dependent on GDF15 inhibition.
Discussion
In this study, we find that CDP138 protein is overexpressed and correlated with lymph node metastasis in lung cancer tissues. Furthermore, we show that CDP138 knockdown attenuates the TGF-β/Smad signaling pathway via GDF15, ultimately impairing radioresistance and metastasis in lung cancer. Importantly, GDF15 is identified as a critical downstream mediator of CDP138, indicating that the CDP138/ GDF15/TGF-β pathway is a potential therapeutic target in lung cancer. CDP138 was first identified as an AKT2 downstream substrate required for GLUT4 translocation. 18 Our previous study has demonstrated that CDP138 participates in cell growth and migration in breast cancer. 20 However, little is known about the roles of CDP138 in tumorigenesis, especially in lung cancer. Our results revealed that CDP138 is overexpressed in lung cancer and associated with lymph node metastasis, strongly indicating that CDP138 may be an oncoprotein involved lung cancer metastasis. Further functional studies confirmed this notion and showed that depletion of CDP138 impaired cell proliferation both under physiological conditions and in response to DNA damage and inhibited cell migration and invasion. This finding suggests that CDP138 can contribute to radioresistance and metastasis in lung cancer.
As a member of the TGF-β superfamily, GDF15 has been shown to have important roles in diverse cellular processes such as proliferation, migration, inflammation, metabolism and DNA damage response. 21 Several studies have shown that GDF15 is a radiation-induced biomarker that promotes radioresistance. 27, 28 The role of GDF15 in promoting metastasis has also been reported. 29 In addition, GDF15 has been found to be regulated by several critical molecules or signaling pathways. For example, the PI3K/AKT/GSK-3β pathway has been shown to regulate GDF15 expression at both mRNA and protein levels. 30 The transcription factor p53 has also been reported to be required for the induction of GDF15 expression. 31 In our study, we identified GDF15 as a key downstream mediator using microarray analysis. Our results also showed that the expression of GDF15 is regulated by CDP138 at both transcriptional and post-translational levels. Importantly, we found that CDP138 silencing attenuates the TGF-β/Smad signaling pathway partially via GDF15. Therefore, GDF15 likely mediates the biological consequences of CDP138 knockdown in lung cancer cells. Hence, our study identified CDP138 as a novel regulator of the TGF-β/Smad signaling pathway and provided new insights into the mechanisms by which CDP138 functions in the radioresistance and metastasis of lung cancer.
In conclusion, we elucidated the functions of CDP138 in lung cancer and demonstrated that CDP138 affects biological processes mainly via the GDF15-mediated TGF-β/Smad signaling pathway. Given that CDP138 is frequently overexpressed and causes radioresistance and metastasis in lung cancer, it may be a promising therapeutic biomarker for cancer radiotherapy, especially in lung cancers displaying elevated levels of CDP138.
Materials and Methods
Cell cultures. Five human lung cancer cell lines (H1299, HCC827, H292, A549 and H1975) and one normal human bronchial epithelial cell line HBE were purchased from American Type Culture Collection and maintained in RPMI-1640 with 10% fetal bovine serum and 100 μg/ml penicillin and streptomycin at 37°C in 5% CO 2 . TGF-β was purchased from Calbiochem and stored at − 20°C.
RNA interference. The sequences of oligonucleotides targeting mRNA are as follows: CDP138 siRNA-1, 5′-GCUAUAGAGCUGUGAUAAU-3′; CDP138 siRNA-2, 5′-GCAGCAUUCCUUCCUGCAU-3′; and GDF15 siRNA, 5′-CCAACUGCUGGCAG AAUCU-3′. H1299 cells were transfected with 100 nM siRNAs using Lipofectamine RNAiMAX reagent (Invitrogen, Camarillo, CA, USA).
Establishment of stable lung cancer cell lines. The shRNA sequences have been previously described. 20 HEK293T cells were transiently transfected with CDP138 shRNAs and packaging plasmids pSPAX2 and pMD2G (kindly provided by Dr Zhou Songyang, Baylor College of Medicine). At 48 h posttransfection, the lentiviral supernatants were filtered and used to infect HCC827 cells in the presence of 8 μg/ml polybrene. Stable cell lines were selected with media containing 2 μg/ml puromycin and confirmed by Western blotting.
Gene expression microarrays. H1299 cells were transfected with control or CDP138-targeting siRNAs using Lipofectamine RNAiMAX for 48 h. Total RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Microarray experiments were performed using Affymetrix gene chip. Genes were determined to be significantly differentially expressed with a selection threshold of false discovery rate (FDR) waso5% and fold change was 42.0. The 8 most upregulated and 6 most downregulated genes are presented as heat maps.
Quantitative real-time PCR. This assay was performed as previously described. 32 Briefly, total RNA was prepared using Trizol reagent. First-strand cDNA was synthesized using the qPCR RT Master Mix (Toyobo, Osaka, Japan). The relative gene expression levels were calculated using the ΔCt method (Ct of GAPDH minus the Ct of the target genes). Primer sequences are listed in Supplementary Table 1 .
Western blotting. Cell lysates were prepared using NETN buffer (20 mM TrisHCl, pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40), separated by SDS-PAGE and transferred to PVDF membranes. The lysates were then incubated with primary antibodies against CDP138 (Bethyl Laboratories, Montgomery, TX, USA), GDF15 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), p-Smad2 Cell growth and colony formation assay. Cells were seeded at a density of 1.0 × 10 4 cells/ml in 6-well plates, and cell numbers were evaluated every day. Alternatively, cells were plated in triplicate in six-well plates and irradiated at indicated doses. After being grown two weeks, the cells were Wound healing assay. This assay was performed as previously described. 20 Briefly, confluent cell layers were scratched with 200-μl pipet tips, washed twice with PBS to remove detached cells, and then incubated in serum-free medium. Images were photographed 36 h later with a microscope.
Cell migration and invasion assays. This assay was performed as previously described. 20 Briefly, for migration assays, 4.0 × 10 4 cells in 200 μl of serum-free RPMI-1640 medium were added to the upper chambers of transwell plates. For invasion assays, 10.0 × 10 4 cells in 200 μl of serum-free RPMI-1640 medium were added to the upper chamber of transwell plates with Matrigelcoated membranes. Medium containing 10% FBS was added to the bottom chamber. After incubation for 24 h, the migrated and invaded cells were fixed and stained with crystal violet. The stained cells were photographed and counted.
Immunofluorescence staining. Cells were cultured on coverslips and exposed to 2 Gy radiation. The cells were then fixed with 4% paraformaldehyde solution at various time points after IR (30 min, 4 h and 24 h) and permeabilized with 0.2% Triton X-100 for 5 min. After being blocked with 5% bovine serum albumin, the samples were incubated with anti-γ-H2AX antibody overnight at 4°C. The cells were then washed and incubated with secondary antibodies for 1 h. After being counterstained with DAPI, immunostained cells were examined with a fluorescence microscope.
IHC staining. A lung cancer tissue microarray was obtained from Shanghai Outdo Biotech (Shanghai, China), which contained 90 carcinoma tissues and paired para-carcinoma tissues. All patients were pathologically diagnosed with lung adenocarcinoma. IHC analysis was performed as previously described. 33 Briefly, tissue sections were blocked with goat serum after antigen retrieval using citrate buffer. Then, tissue sections were incubated with anti-CDP138 antibody (Bethyl Laboratories) overnight at 4°C. After being incubated with secondary antibody, the tissue sections were washed with PBS, reacted with 3,3-diaminobenzidine and counterstained with haematoxylin. Both the percentage of positive area and staining intensity were recorded to evaluate the expression of CDP138.
Statistical analyses. Each experiment in our study was independently performed at least three times. Unpaired Student's t-test was used for statistical comparison. Differences between variables were assessed using the χ 2 test. The Kaplan-Meier method was used to construct the survival curves. P-valueo0.05 was considered statistically significant.
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